Reactive oxygen species are a constant threat to DNA as they modify bases with the risk of disrupting genome function, inducing genome instability and mutation. Such risks are due to primary oxidative DNA damage and also mediated by the repair process. This leads to a delicate decision process for the cell as to whether to repair a damaged base at a specific genomic location or better leave it unrepaired. Persistent DNA damage can disrupt genome function, but on the other hand it can also contribute to gene regulation by serving as an epigenetic mark. When such processes are out of balance, pathophysiological conditions could get accelerated, because oxidative DNA damage and resulting mutagenic processes are tightly linked to ageing, inflammation, and the development of multiple age-related diseases, such as cancer and neurodegenerative disorders.
Introduction
Oxidative DNA damage is a constant challenge of the genome, arising from exposure to reactive oxygen species (ROS). These can come from multiple external and internal sources, including but not limited to endogenous chemical processes through the cells' own metabolism and enzymatic activity [1] , inflammatory processes [2, 3] , toxins [4] , or ionizing radiation [5] [6] [7] . When persistent, damage harbors the risk of disrupting cellular function and causing mutation. To cope with this, living organisms have evolved very efficient repair mechanisms [1] . However, these pathways operate not without risks. This is because repair intermediates may increase genome instability and provide indirect routes to disruption of genome function and mutation. Therefore, it is a delicate decision for the cell to balance out whether to start the repair process of a particular oxidative DNA damage site or to leave it unrepaired . Oxidative DNA damage is among the main mutagenic processes in the germline and accompanies early development [8] [9] [10] . Therefore, harmful mutations can potentially be passed on to the majority of cells in the body [11] and the damaged sites can also impact embryonic development. Throughout life, oxidative DNA damage and the associated mutations contribute to the ageing process [12] and the development of age-related diseases [13] such as neurodegeneration [14] and cancer [10, 11] . Most cancer treatments cause oxidative DNA damage and DNA strand breaks and thus oxidative DNA damage contributes to long-term side effects in cancer survivors.
Therefore unsurprisingly, oxidative DNA damage and its repair have been of high interest for decades, leading to profound knowledge about its biochemistry as a whole [1] . However, thanks to novel approaches using sequencing-based techniques, it has become apparent that oxidative DNA damage [15] [16] [17] [18] [19] [20] , repair intermediates [17] , and related mutagenesis [17, 21, 22] are distributed heterogeneously over the genome at multiple levels of resolution. Heterogenous distribution adds to the above-mentioned processes and mechanisms an additional dimension, because it suggests that functional genomic processes impact on oxidative DNA damage distribution and repair specificity. In addition, oxidative DNA damage itself has been identified to take an active role as a site-specific gene regulator and impacts on functional genomics dependent on its genomic location [23] [24] [25] [26] [27] [28] [29] [30] . This functional role may come as a double-edged sword due to its side effects on mutagenesis and additional genome instability.
There are now several datasets published that address oxidative DNA damage and repair genome-wide in human [17, 18, 31] , mouse [15, 20] , and yeast [16] , using various conditions and methodology. Increasing amounts of re-sequencing data from tumors [32, 33] and healthy tissues [34] [35] [36] [37] , as well as novel computational methods to extract biological information from mutation data, contribute to the understanding of how oxidative DNA damage affects mutagenesis.
Due to distinct methodological approaches and perspectives, these studies come to diverging conclusions. This review aims at discussing the different methods and attempts to unite the existing viewpoints regarding the mechanistic insight we have achieved on the genomic distribution of oxidative DNA damage, its repair, and consequences for genome function and the distribution of mutations.
Origin and repair of oxidative DNA damage
The best studied base to receive oxidative DNA damage is guanine. Its low oxidation potential [38, 39] makes it particularly susceptible to singlet oxygen [40, 41] , leading to the formation of 8-oxo-7,8-dihydroguanine (8-oxoG; Fig. 1 ). This reaction is estimated to occur on average about 100 to 500 times in each human cell's genome per day [42] . Oxidization of guanine may also occur in the nucleotide pool [43] [44] [45] [46] . 8 -oxoG could then be incorporated into DNA during replication.
To repair 8-oxoG and other base modifications, the base excision repair (BER) pathway ( Fig. 2) has evolved [47] , which Enni Markkanen has reviewed in detail [1] . In short, 8-oxoG is excised by 8-oxoguanine DNA glycosylase (OGG1) leaving an apurinic site (AP site). This first step of repair can be very efficient, with the halflife of 8-oxoG lasting only 11 min [48] . AP sites are then processed further into single strand breaks via backbone incision of . Oxidative DNA damage is repaired via several repair intermediates by base excision repair (BER). Through removal of the oxidized base, a reactive apurinic site (AP site) is formed. Incision of the strand creates a single strand break, and the damaged site is then repaired through either short or long patch BER (for details, please see main text).
AP-endonuclease 1 (APE1). In long patch base excision repair, the base and some additional nucleotides are replaced dependent on the activity of polymerase delta (Pold) and epsilon (Pole) together with proliferating cell nuclear antigen (PCNA). The old strand is removed by Flap-endonuclease 1 (FEN1), before ligase I (LigI) ligates the backbone back together. Short patch base excision repair constitutes of polymerase beta (Polb) replacing the single missing base, ligase III (LigIII) ligating the DNA backbone back together, and X-ray repair cross-complementing protein 1 (XRCC1) aiding the process and serving as a scaffold for additional factors. The biochemistry of this pathway in general is well understood. However, little is known about its mechanism of action in the context of chromatin and genome function and how this affects different cell types and tissues.
Many base modifications are repaired similarly through BER with various glycosylases initially excising the base. Therefore, AP sites can also be derived from other base modifications as repair intermediates. In addition, AP sites can be the product of spontaneous de-pyrimidination and de-purination. The latter is estimated to occur about 2000-10,000 times in the genome per day [49] . The origin of AP sites is therefore difficult to dissect, if not experimentally controlled. Nonetheless, a substantial part of AP sites are also under physiological conditions derived from oxidative DNA damage and further processing via APE1 is to the best of our knowledge independent of their source.
The interplay of newly emerging DNA lesions versus repair fidelity is reported to result in a steady state of a few thousand 8-oxoG sites [50] [51] [52] and~15,000 to~30,000 AP sites per cell [52, 53] . While these numbers give an idea of the magnitude of damage levels in general, they may not be entirely accurate due to methodological limitations. Also, tissues are exposed differently to oxidative DNA damage due to their location in the body, metabolic activity, and enzymatic processes. Together with differential activity of oxidative stress response [54] , DNA repair pathways, and other protective mechanisms, tissues have diverse ways to deal with oxidative DNA damage levels. Therefore, even under physiological conditions, oxidative DNA damage is expected to be highly variable between tissues and cell types, both in absolute numbers, and distribution over the genome. The extent of this variability and the associated regulatory mechanisms are yet poorly understood.
Oxidative DNA damage and repair intermediates disrupt cellular function
8-oxoG can lead to disruption of cellular function through multiple mechanisms. First, it can affect how proteins bind to the DNA, as shown for transcription factors. Disruption of their DNA binding can both hinder [23, 29, [55] [56] [57] [58] and promote transcription [20, [59] [60] [61] [62] . 8-oxoG and AP sites also alter DNA secondary structure, e.g. G-quadruplex folds [63] , stacked groups of guanines that affect genome stability, replication, and gene regulation through enforcing single stranded DNA and providing protein binding sites, as reviewed by Kwok et al. [64] . Intact G-quadruplex folding is of particular importance at telomeric repeats, where they contribute to telomere protection. Therefore, oxidative DNA damage at telomeres leads to dysfunctional maintenance effecting telomere length and genome instability [26] [27] [28] 65] . Changes to secondary structure may also contribute to the interference of base lesion clusters with the replication fork [66] , a potential route contributing to additional genome stability.
Risks from repair and its intermediates
Converting 8-oxoG into an AP site also harbors risks that may exceed the danger of persisting damage. First, there is a risk of information loss and mutation as described in more detail below. In addition, AP sites have strong effects on DNA secondary structure, protein binding, and G-quadruplex folding [63] . AP sites compromise genomic processes [67] , such as stalling transcription and replication [29, 30] . The reactive aldehyde group of the AP site may react with amino groups to form DNA-protein crosslinks [68] with potentially deleterious consequences for genome integrity. In addition to AP sites, the related b-elimination product (bE-site), and repair associated conversion to single strand breaks harbor the risk of damage acceleration towards double strand breaks (DSBs) and as a result genome instability, mutation, translocation, and loss of information. Consequently, there is the need for a careful balance between retaining an oxidative DNA damage in the genome versus its repair. This may explain why OGG1 becomes enzymatically inactivated during excessive oxidative stress [69, 70] . Moreover, at the point of halted repair, the damage can act as an epigenetic mark as detailed below [59] [60] [61] [62] .
In summary, different regions in the genome display diverse potential for functional disruption through 8-oxoG and AP sites. The risks are largely dependent on other cellular processes and states, e.g. the cell cycle, replication and transcriptional activity. Decision processes are therefore deeply embedded in other mechanisms of genome regulation and dependent on potential impact of damage and repair. Location of DNA damage levels and their repair intermediates are therefore the first indicator to understand which regions of the genome are protected and the potential mechanisms leading to genomic prioritization of damage prevention and/or repair.
Methods to measure genomics of oxidative DNA damage
Several techniques have been developed in recent years to measure oxidative DNA damage and repair intermediates ( Fig. 3) . Each method comes with unique benefits and pitfalls (Table1). They are all based on enrichment of the damaged DNA through arrays or sequencing, either by pull-down of the damaged DNA, or analogous strategies.
8-oxoG location in the genome was first addressed using antibodies [71] , initially at large-scale resolution. Amente et al. adapted this approach for next generation sequencing as OxiDIPseq [18] . In short, DNA is fragmented into several hundred base pair long fragments, bound by an 8-oxoG specific antibody, and enriched through protein-G-coated magnetic beads. The enriched DNA, as well as the non-enriched input DNA is then prepared for next generation sequencing and the resulting fragments aligned back to the respective genome. Increased sequencing read coverage is used to quantify damage levels genome-wide. Using this method, Amente et al. could detect 8-oxoG with a resolution of several hundred base pairs [18] . In addition to antibodymediated enrichment, several techniques were developed that enrich for oxidatively damaged DNA using chemical biology.
OG-seq, the method developed by Ding et al. [15] is taking advantage of the propensity of 8-oxoG to become hyperoxidated in response to mild oxidants. Using this chemical property, the damaged base is converted into an acceptor for a biotin tag. After this chemical reaction, the covalently tagged DNA is enriched through a biotin-streptavidine pull-down and subsequently sequenced. The resolution of this method is similar to OxiDip-seq limited only by the size of DNA fragmentation.
In Click-code-seq, developed by Wu et al. [16] , the specificity for 8-oxoG is achieved through utilizing the specific glycosylase formamidopyrimidine DNA glycosylase (FpG) to remove the damaged base and APE1 to create a strand break. The single nucleotide gap is then refilled with a Click-tagged guanine. Using this nucleotide as an acceptor for the Click reaction, a code sequence is added to the DNA at the position where the 8-oxoG had been located. This oligonucleotide then serves as an adapter for sequencing. Clickcode-seq is so far the only method achieving single-nucleotide resolution. While used to measure 8-oxoG, this method would in principle be applicable to measureing other base adducts through the use of different glycosylases, as well as AP sites.
In addition, our method, so called AP-seq [17, 72] , can be used to measure AP sites as the first repair intermediate, but indiscriminate of the source of the AP site. To prevent other sources of AP sites, such as spontaneous depurination from confounding the measurements, a careful experimental design that focuses on specific introduction of oxidative DNA damage allows interrogation of early steps of damage processing when compared to preexisting background AP site levels. For AP-seq, AP sites are tagged with biotin using an aldehyde reactive probe (ARP). This probe was developed by Kubo et al. [73] in 1992 and used for a variety of assays over the decades since [74] [75] [76] [77] . ARP reacts under the recommended conditions specifically with the aldehyde group of the AP site and consequently introduces a covalent biotin tag into the DNA at the damage site. The DNA is then enriched through a streptavidine pull-down and prepared for sequencing. Masking AP sites with methoxyamine before in vitro glycosylation with OGG1 allows for specific detection of 8-oxoG through conversion into a secondary AP site with subsequent use of ARP to enrich the DNA for sequencing (OGG1-AP-seq). Similarly to OxiDIP-seq and OG-seq, resolution of AP-seq and OGG1-AP-seq is determined by the fragmentation size of the genomic DNA.
Finally, snAP-seq was developed as an alternative method to measure AP sites through a different chemistry [31] . AP sites and 5-formyl-uracil (5-fU) are tagged with a hydrazino-iso-Pictet-Spengler (HIPS) probe and attached to biotin using Click chemistry. The damaged DNA is then enriched via streptavidin-mediated pull down. Alkaline cleavage is used to achieve single nucleotide resolution and to selectively release AP sites off the beads, while 5-fU containing fragments are retained and therefore depleted using this strategy. Alkaline cleavage would in principle also be applicable for the other chemical biology-based methods to achieve single nucleotide resolution for OG-seq and AP-seq.
Differences between the methods can be found in resolution, specificity, and ease of use. Single nucleotide resolution is so far achieved by Click-code-seq and snAP-seq, whereas the resolution of other methods is determined by the size of enriched DNA fragments, which may be improved by using alkaline cleavage for OGseq and AP-seq. Specificity is dependent on the recognition step of the oxidative DNA damage. It may be affected by sequence content, helix properties, and DNA secondary structures.
Unspecific antibody binding is an intrinsic problem affecting all antibody-based methods, but has been especially raised in the context of 8-oxoG measurements [15, 78, 79] . Specificity issues however also affect the methods based on chemical biology. Both OGG1-AP-seq and Click-code-seq are based on a glycosylation step with the assumption that OGG1 and FpG are specific for 8-oxoG and independent from surrounding sequence and its physicochemical properties. In addition to 8-oxoG, one has to expect glycosylation also for 8-oxoG oxidation products, such as FapyG [80] , as well as potential enzymatic activity for other base modifications [81] . Both methods would also detect AP sites and some strand breaks/nicks unless these are completely masked and processed into non-reactive groups.
Furthermore, AP-seq is based on a chemical reaction that may suggest to result in side products with other aldehyde groups, e.g. damaged backbone-ribose and other base oxidization products. Indeed, a similar chemistry has been used to detect 5-formyl cytosine (5-fC) [82] with different reaction conditions. Such conditions would also be permissive for detection of 5-fU. However, the conditions used for AP-seq are not efficient for the detection of 5-fC [82] . AP-seq is therefore not expected to lead to substantial background through 5-fC with the reaction conditions used [17] . Particularly due to 5-fU, it is however advised to carefully control experiments, if they are performed in embryonic stem cells, where both 5-fC and 5-fU naturally occur.
In snAP-seq, where the probe may also react with other aldehydes, side-reactions with 5-fU are compensated through a depletion step, while side reactions with 5-fC are shown also not to occur when using synthetic DNA.
OG-seq does not rely on antibodies or glycosylation. Instead, 8-oxoG is further oxidized to allow tagging with biotin. Here the assumption is that hyperoxidation is efficient, irrespective of sequence context and secondary structures, and that oxidative conditions do not cause additional 8-oxoG. The following biotinylation is assumed to be specific for the hyperoxidised 8-oxoG. As with all other methods mentioned above, there is potential for unintended side reactions, such as reactions of the biotin tag's aminogroup with other sites than the hyperoxidised 8-oxoG.
In summary, all methods have the potential of unspecific enrichment of genomic DNA and unintended effects of sequence content and secondary structures. The diversity of the approaches creates however a valuable resource for cross-validation as the sources for unspecificity differ.
Every approach to measure oxidative DNA damage is facing the challenge of technical oxidative DNA damage that is accumulated during sample processing. While such artifacts cannot be prevented in full [83] , the developers of the above mentioned methods have chosen different strategies to reduce technical oxidization reactions. Added anti-oxidants to the reaction conditions include 50 mM N-tert-butyl-a-phenylnitron for OxiDIP-seq, 100 mM deferoxamine with 100 mM butylated hydroxytoluene for Click-codeseq and OG-seq, and 20 mM TEMPO for snAP-seq. Additionally, sonication for fragmentation is a source of oxidative DNA damage [84] . For Click-code-seq and OxiDIP-seq it seems unavoidable to perform sonication before 8-oxoG is recognized by the glycosylase and antibody respectively. Also for the 5-fU depletion step in snAP-seq, sonication is necessary to be performed before AP sites and 5-fU are tagged. For AP-seq, sonication is performed after the damage site is covalently tagged with biotin, which would also be an option for OG-seq.
All pull-down-based methods are equal in their ease of use. Whereas OxiDIP-seq in its execution steps is most similar to widely used ChIP-seq, the chemical biology strategies of the other methods only add a few extra steps. For OxiDIP-seq, OG-seq, and AP-seq, all material is commercially available. Click-code-seq relies on Click-tagged guanine and the code sequence oligonucleotides, which were synthesized for the respective study. snAP-seq relies on a custom-made chemical probe.
In conclusion, all methods that have been used to measure oxidative DNA damage genome-wide have advantages and disadvantages. The different strategies may lead to slightly different outcomes, as they may be prone to different side reactions and sources for background. It is therefore important to cross-validate biological findings and to carefully evaluate mechanistic results based on the methods and systems used.
The genomic distribution of oxidative DNA damage and repair
Genomic distribution of oxidative DNA damage is a snapshot that reflects the location specific balance of DNA damage impact and the different steps of repair. Both layers can be affected by different modes of selectivity and regulation at different scales of resolution. Before the development of sequencing-based genome-wide methods, measurements on a larger scale used 8-oxoG antibody pull-down experiments paired with microarrays. They show 8-oxoG accumulation in gene deserts, linked to chromosome territories adjacent to perinuclear regions [71, 85] . The perinuclear position of heterochromatin [86] may contribute to increased exposure to oxidative stress and therefore increased oxidative DNA damage. Interestingly, such regions tend to be GC poorer than transcriptionally active euchromatin, so the observation of higher 8-oxoG levels leads to the conclusion that direct effects of sequence content in general cannot explain accumulation of oxidative damage in heterochromatin. Phase separation of heterochromatin is likely to affect the accessibility of DNA to reactive oxygen species, as it creates a distinct physicochemical environment [87, 88] , which may also affect the generation and mobility of ROS and the presence of scavenger molecules. This would however be expected to have a protective effect rather than leading to increased exposure.
Instead, oxidative DNA damage distribution at the level of chromatin domains is dominated by differences in base excision repair activity. Akatsuka et al. show that damage distribution differences by sequence content do not occur under OGG1 deficiency [85] . This is due to the major early base excision repair factors being specifically and rapidly recruited to open chromatin regions upon oxidative DNA damage [89] [90] [91] . This specific recruitment is therefore the most likely explanation of increased 8-oxoG accumulation in gene deserts and heterochromatin with the peak of OGG1 recruitment to open chromatin marking the fastest repair kinetics of the damaged genome [90] . Efficient repair in heterochromatin may also require additional DNA damage response, similar to double strand break repair requiring ataxia telangiectasia mutated (ATM) signaling [92] . ATM interactor (ATMIN) could be the possible link to oxidative DNA damage, as it has been described to protect neurological tissue from oxidative DNA damage and contributes to glioblastoma formation [93, 94] .
At the nucleosome level, accessibility to the DNA repair machinery is a crucial factor. In vitro, nucleosomal structure has been shown to inhibit the initial steps of base excision repair and chromatin remodeling is required to efficiently remove damage [95] [96] [97] [98] . Therefore, treatment with the deacetylase inhibitor trichostatin A, a drug that opens chromatin, enhances DNA repair efficiency in general [99] . In conclusion, even before sequencingbased genome wide methods, it was established that accessibility for OGG1 and the base excision repair machinery is a major factor that shapes oxidative DNA damage distribution with increased damage levels in heterochromatin and at sites of tightly packed nucleosomes.
It became possible through the novel sequencing-based methods to investigate functional genome elements at finer resolution. Indeed, 8-oxoG could be confirmed to accumulate at sites of high nucleosome occupancy in yeast [16] . Generally, different types of repeats accumulate large amounts of 8-oxoG, particularly telomeres [16, 17] and microsatellites of particular sequence content [15, 17] . While the repeated telomeric sequence TTAGGG (human) is rich in guanine stretches and the 5 0 guanine particularly prone to oxidation [100, 101] , the affected sequences in microsatellites, e.g. (TG) n and (TGGA) n do not necessarily require rows of Gs. Both on G-quadruplex folds and microsatellites, 8-oxoG accumulation might be connected to DNA secondary structure, possibly leading to higher sensitivity towards base modification or impaired excision by OGG1 as has been shown for some secondary structures at the telomeres [102] . As a potentially compensating mechanism, additional glycosylases can cover 8-oxoG excision at G-quadruplex folds, such as the glycosylases NEIL1 and NEIL3 [103] . Also, it has been observed that 8-oxoG destabilizes G-quadruplexes [104] . On the other hand, G-quadruplex folds can be stabilized through oxidative DNA damage with a conformational change, which is stabilized by converting the 8-oxoG in a 5th G track into an AP site and subsequent APE1 binding [105] .
Additional systematic assessment of oxidative DNA damage and its processing on secondary structures in general and particularly in different types of quadruplex folds may help to better explain both the involved regulatory processes and secondary structureassociated mutagenesis [106] .
Interestingly, AP sites accumulate at specific locations in the genome when measured with AP-seq in liver cancer cells treated with ionizing radiation [17] , while the profile obtained using snAP-seq in Hela cells with and without APE1 silencing resembles background [31] . The reasons for this discrepancy can be manifold and remains to be investigated further. In the AP-seq dataset, AP sites are generally reduced in heterochromatin versus euchromatin [17] and their specific accumulation can be also found in repeats, particularly retrotransposons [17] , which have the potential to become activated in response to DNA damage in general and ionizing radiation in particular [107, 108] .
The role of oxidative DNA damage in regulatory elements of high GC content, such as promoters, enhancers, and coding sequence is controversial. When averaging as a metaprofile over multiple regions for 8-oxoG in yeast [16] and AP sites in human liver cancer cells [17] , such regions show a general depletion of oxidative DNA damage. On the other hand, location of 8-oxoG and AP sites was found explicitly at promoters using genomewide approaches paired with peak calling [15, 18, 20, 31] . This is a contradictory finding only at first sight. Indeed, peak calling should be applied with caution to such data and in GC-rich DNA regions due to the false positive peak-calling rate induced by GCcontent-induced sequencing bias of the input sample. However, some specific promoters do indeed accumulate 8-oxoG. These are predominantly promoters that harbor G-quadruplex folds. Gquadruplex folds generally accumulate 8-oxoG, both when located in promoters and elsewhere [17] , as has been shown previously on specific promoters, e.g. of VEGF [60, 63, 109] .
At the level of coding and regulatory sequence, reduced AP site levels and 8-oxoG are correlating with GC content [17] as well as histone marks of open chromatin and marks of actively transcribed exons [16, 17] . In a different study, 8-oxoG is reported to accumulate specifically in the gene body of long transcribed genes [18] . While the authors conclude that increased DNA damage rates may lead to increased 8-oxoG, it was however not excluded that damage may accumulate in repeats and retrotransposons hosted in their introns. However, active transcription and persistent single-strandedness may contribute to increased oxidative DNA damage at actively transcribed sites and is balanced with different repair kinetics, aided by accessibility of the DNA [95] [96] [97] [98] 110] .
In addition, the relation to H3K36me 3 is striking. This is the mark of actively used exons and is serving as a guide to exons for mismatch repair, through direct interaction of this complex with the mark [111] , which leads to locally reduced mutation rates. This reduction is evened out under dysfunctional mismatch repair [112] [113] [114] . Whether base excision repair may be following similar mechanisms, is not yet clear.
While not yet investigated for oxidative DNA damage repair, repair of methylation adducts on guanine is preferentially conducted in promoter regions [115] .
Other repair pathways, specifically double strand break repair are governed through signals spreading from chromatin architectural loop anchors [116] . Since AP site location also relates to chromatin architecture dependent on the predominant mark of the respective loop [17] , reduced oxidative DNA damage patterns in coding sequence may also reflect DNA repair organization that follows a similar seeding principle.
Specific recruitment and regulation of repair on functionally important genome elements and over genes allows balancing risks of damage versus repair and to flexibly prioritize. Such risk management is of particular importance, as these dynamic regions of the genome are particularly prone to strand break formation [117] and there is strong selective pressure of mutation in such areas of the genome [118] .
The precise regulatory mechanisms and pathways how functionally relevant areas of the genome are protected are not known, but there are some processes of functional genomics known to interact with BER. First, on the level of 8-oxoG and OGG1, these are cytosine methylation [119] [120] [121] [122] [123] and chromatin remodeling (CHD4) [124] , transcription coupled repair processes (Cockayne Syndrome A and B; CSA, CSB) [125] , poly-ADP-ribose polymerase 1 [126] , CUX1 and CUX2 [127, 128] , and components of the RNA splicing machinery (SNRPF) [129] . Second, on the level of AP sites and APE1, epigenetic modifiers have been shown to influence APE1 location, specifically the SET complex, histone deacetylases (HDACs) and sirtuin1 (SIRT1) [130, 131] . Localization of APE1 has been described to be mediated by nucleophosmin (NPM1) [132] . APE1 also interacts with splicing regulators (HNRNPL) [133] and transcription factors (AP1) [134] , and is recruited to DNA-RNA hybrids and R-loops [135] , providing a link to active transcription.
Finally, regarding direct sequence context, the only method for measuring 8-oxoG with single nucleotide resolution found a bias towards a guanine 3 0 to 8-oxoG [16] , which can be explained by chemical sequence predisposition [100, 101] . Therefore, also dinucleotide distribution over the genome affects the location of 8-oxoG.
In summary, there are multiple pathways as well as DNA sequence characteristics implicated in potentially influencing genome-specificity of oxidative DNA damage and several steps of repair at multiple layers of resolution. Relative contribution of each layer and the precise mechanisms are poorly understood, although a strong determinant of damage distribution can be found in the DNA's accessibility to base excision repair, hindered by tight nucleotide packaging and heterochromatin. Nevertheless, especially in regulatory and coding regions of the genome, interactive contributions are expected to lead to the final distribution of oxidative DNA damage, which is therefore dependent on the relative activity of each factor in a given cell type. Lack of knowledge is largely due to the lack of techniques in the past to study such mechanisms genome-wide and in single cells. Now we do have the means to develop the necessary methodology and to dissect the reasons that underlie the heterogeneous DNA damage distribution.
Oxidative DNA damage as an epigenetic mark
The flip side of oxidative DNA damage is a role in the processes of cell fate decision making and differentiation. In this context oxidative DNA damage and its repair intermediates may serve as epigenetic marks. Gene regulatory function is thought to be mediated through several distinct molecular mechanisms, as reviewed in more detail by Wang et al. [62] and Fleming et al. [25] . They are involved in oxidative stress response accompanying differentiation processes in the heart [24] and adipose tissue [20] , and become of crucial importance, when OGG1 function is impaired [69, 70] .
The interaction of 8-oxoG and AP sites with G-quadruplex structures is critical for oxidative DNA damage to epigenetically affect gene activity. While 8-oxoG is potentially destabilizing the formation of G-quadruplex folds, AP sites are known to possibly stabilize them. Proposed modes of action have been described for the VEGF promoter, where an AP site stabilizes the quadruplex fold and gene activation is mediated through catalytically inactive APE1 binding [60, 109] . G-quadruplex formation enforces singlestrandedness of the opposite strand and may also facilitate the assembly of the transcription machinery [64] . A similar mechanism is also described for the endonuclease III like protein 1 (NTHL1) [61] . In addition to the formation of a G-quadruplex, NTHL1 may impact on gene regulation via a Z-DNA/hairpin balance [136] . On the other hand, at the KRAS promoter, it is proposed that activation is not mediated by the AP site, but by binding of catalytically inactive OGG1 to 8-oxoG, which prevents the formation of a silencing G-quadruplex fold [104, 137] . A large number of promoters that may be regulated in a similar fashion have been identified recently [25] and are currently waiting to be characterized in depth.
Modified DNA has the potential to alter binding of regulatory proteins, including transcription factors. This was shown for some distinct examples, e.g. SP1 [55] , p50 [56] , and CREB [23] . While a comprehensive assessment has not been performed yet, the strong effect of DNA-methylation on DNA-protein interactions [138] indicates that 8-oxoG and AP sites may also have a substantial impact on the binding of regulatory proteins to DNA. This might be mediated not only through altering the motive, but also through changing surrounding secondary structures. In addition, oxidative DNA damage and accompanying processes can contribute to the mechanisms of the cell sensing oxidative stress. In states of hypoxia, ROS can stimulate transcription by promoting the binding of hypoxia inducible factor 1 (HIF1) to hypoxia response elements (HREs) [59] , which occurs at promoters of oxidative stress response genes, such as the vascular growth factor VEGF.
Epigenetic function of oxidative DNA damage may also act in concert with the DNA methylation machinery and metabolism of other epigenetic marks. Repair of 8-oxoG is mechanistically linked to DNA methylation [139] , but the exact mechanism of how DNA methylation influences oxidative DNA damage repair and vice versa is poorly understood.
Finally, oxidative DNA damage is also a result of specific generation of ROS generation by enzymes of the epigenetic machinery. Indeed, lysine specific demethylase 1 (LSD1), an enzyme that removes methyl groups from histones, produces ROS as a byproduct of its enzymatic function. This type of oxidative stress occurs directly next to the DNA. An effect on gene regulation through this mechanism is shown for estrogen-induced gene expression [140] . The mechanism relies on the catalytic function of OGG1 and topoisomerase IIb-induced structural remodeling at the promoter. Analogous mechanisms might apply to multiple other genes, considering LSD1's frequent activity at various enhancers and promoters across the genome.
In conclusion, the existing mechanistic data suggest that oxidative DNA damage is involved in gene regulation similar to an epigenetic mark and can interact with other epigenetic processes. Why would the cell use a mutagenic mechanism such as oxidative DNA damage for gene regulation? Essentially the same question is applicable to DNA methylation, given the high mutagenic potential of the deamination reactions converting methylated cytosine to thymine [141, 142] . How the benefit of epigenetic regulation is balanced with detrimental risks of mutagenesis is a still an unsolved conundrum. This balance is likely regulated in a tissue-specific manner considering also varying mutation tolerance. In this context, the epigenetic role of oxidative DNA damage in differentiation could be of crucial importance, as mutations during development are passed on to descending cell generations [11] .
Mutagenesis from oxidative DNA damage
Of the about 20,000 base lesions that are estimated to occur on average in cells under physiological conditions [42] , most do not progress into mutations because they are repaired or tolerated during replication without loss or change of genetic information. However, unrepaired oxidative DNA damage and repair intermediates harbor risks of mutagenesis. This is mediated through mispairing of 8-oxoG with adenine ( Fig. 4) , which may occur during DNA replication [143] . However, this mismatch has its own safety mechanism. Dedicated MUTYH is responsible for recognizing and removing the adenine, and correct what otherwise might manifest as a C-to-A mutation [144] , such as under conditions of silenced MUTYH or if it is not recognized (Fig. 5) . However, C-to-A mutation may also be induced by oxidative DNA damage via an indirect mechanism. Not through mispairing of 8-oxoG, but through loss of information by creating AP sites as a repair intermediate. During replication, AP sites cannot be paired appropriately, typically leading to incorporation of an adenine opposite the gap, following the so-called A-rule [145] [146] [147] . The result of both routes is indistinguishably a C-to-A mutation.
In addition, oxidative DNA damage can lead to T-to-G mutations, mediated by 8-oxoG-adenine mismatches from oxidative damage of the nucleotide pool [43] [44] [45] [46] 148] . T-to-G mutations are particularly found in esophageal adenocarcinoma and inflammatory Barret's esophagus [149] [150] [151] [152] . A first line of repair is the recognition of the mismatch by polymerase proofreading, then post-replicative mismatch repair, and -if still persistent -BER. Fig. 4 . Route to C-to-A mutation through 8-oxoG-adenine-mismatches. Oxidative DNA damage provides direct routes to mutations. While guanine usually pairs with cytosine, 8-oxo-7,8-dihydroguanine (8-oxoG), the most frequent type of oxidative base damage, may cause mispairing with adenine through a conformational change. This is one route to oxidative DNA damage induced mutations.
Action of MUTYH would in this case not be preventive of mutation, as it would ''repair" the correct base. Also unrepaired 8-oxoG may lead to mutation in the next round of replication through pairing with cytosine, ultimately causing T-to-G mutation.
Genome-specificity of mutagenesis
Variability of mutation rates over the genome is now increasingly well understood [21, 114, 153] due to the large amounts of cancer resequencing data available to study mutagenesis and the development of new algorithms, statistical and computational approaches. One particular challenge is still the differentiation of technical artifacts from oxidative DNA damage-derived mutations that originate from molecular biological processes. Artifacts typically arise from culturing conditions [154] , or technical sample processing [84, 155, 156] . While technical artifacts are still difficult to avoid or differentiate from biological effects, their total impact on a given sample can be assessed for quality control purposes [84] .
Variability of mutation distribution over the genome occurs at multiple scales of resolution from the immediate sequence content to megabases as the sum of relative contributions by DNA damage mechanisms, repair pathways, and replication accuracy. The mechanistic details of each layer and how the mutagenic mechanisms act in the context of the genome are still poorly understood for the majority of mechanisms, particularly for those that arise from oxidative DNA damage.
We are however now able to assess what mutagenic mechanisms are active in which systems, aided by the mutational signatures developed by Ludmil Alexandrov, Serena Nik-Zainal and others [157] [158] [159] . These are fingerprints of mutations in their trinucleotide context, which can be extracted from cancer genomes using the pattern differentiation algorithm non-negative matrix factorization. The six different options of single nucleotide changes are expanded to 96 different mutation types through including the first preceding and following nucleotides. Co-ocurrence of particu-lar patterns allows for separation of mutagenic mechanisms, which are active in particular cancer samples. Retrospectively, the mutational signatures are linked back to the biological mechanisms [154, [160] [161] [162] , the etiology for most is however still not entirely understood [159, 163] . With increasing numbers of sequenced cancer genomes, more mechanisms can be differentiated. They are typically the result of several processes acting simultaneously; DNA damage in interaction with repair [164] , replication accuracy [165, 166] , and specific mutagenic mechanisms of enzymatic origin, such as APOBEC3A [157, 167] or error-prone DNA polymerases [168] .
Several mechanisms leading to oxidative DNA damage-derived mutations can be separated out through mutational signatures. As an additional feature, they are giving valuable information about the immediate sequence context for the signatures that each mechanism leaves in the genome (Fig. 6) .
Signature 18 is thought to be the main ROS associated fingerprint. It mainly consists of C-to-A mutations, commonly preceded or succeeded by an adenine or thymine, similar to the mutation patterns in response to potassium bromate treatment as a source of ROS [154] . It occurs commonly as a background signature throughout various cancer types, but rarely as a dominant mutagenic mechanism. Proportions of this signature can however get quite high in cancers that do not have other major mutagenic mechanisms active, such as neuroblastoma [157] . This mutational signature is also frequently found as an artifact in cell and organoid culture [154] . Interestingly, although these mutations are supposed to be largely derived from 8-oxoG, the direct sequence context of the mutations does not reflect the bias of a guanine 3 0 of 8-oxoG [16] . It therefore has to be considered that not only the generation and repair of 8-oxoG may be affected by direct sequence context, but also the mutagenic properties, both for 8-oxoG- 5 . Routes to oxidative DNA damage dependent mutagenesis. Oxidative DNA damage provides direct and indirect routes to mutagenesis, particular on single nucleotides, i.e. C-to-A and T-to-G and their reverse complements. Mispairing of 8-oxoG with adenine during replication leads to C-to-A mutation through erroneous repair or in the next round of replication. The same mutation can however also be the result of replication encountering an AP site. Following the A-rule, an adenine may be incorporated opposite the AP site, which also leads to C-to-A mutation. Incorporation of 8-oxoG from an oxidized nucleotide pool may also lead to mispairing with adenine. Through erroneous repair or in the next round of replication, the mismatch may lead to T-to-G mutation. Fig. 6 . Oxidative DNA damage dependent mutational signatures. Oxidative DNA damage has been associated with several mutational signatures, fingerprints of mutagenic processes in the genome that can be extracted using non-negative matrix factorization. First, Signature 18 is associated with ROS and dominated by Cto-A mutations with preceding and following adenine or thymine. Signature 36 gives a similar profile and has been linked to somatic MUTYH mutations. Signatures 17a and b have been connected both to oxidative DNA damage from an oxidized nucleotide pool and treatment with 5-fluoro-uracil. Mutations occur in a very specific trinucleotide context, most distinctly T-to-G in the context of TTG. adenine mismatches and the A-rule of adenine incorporation opposite AP-sites. Alternatively, direct sequence context may be biased by the mechanisms leading to differential mutation distribution on a larger scale. Depletion of C-to-A mutations in promoters and coding sequence can explain an underrepresentation of preceding cytosines and guanines to some extent.
Signature 36 is also a signature linked to 8-oxoG. Similar to Signature 18 it is dominated by C-to-A mutations in similar sequence context and has been connected to biallelic germline or somatic MUTYH mutations [169] . It is particularly prevalent in endocrine pancreatic carcinoma and non-hodgkin B-cell lymphomas [159] .
Signatures 17a and 17b show connection to oxidative DNA damage, although a precise etiology is not fully clear. They are frequent in stomach and esophagus adenocarcinoma, but also in other cancer types, such as non-hodgkin B-cell lymphoma. Signature 17a has characteristic T-to-C mutations, particularly in a CTT context. Signature 17b is characterized by T-to-G mutations most frequently observed also in a CTT context. One cause was found in treatment with 5-flouro-uracil [170, 171] , which can however not explain its ''natural" occurrence. The latter is suspected to originate from incorporation of 8-oxoG nucleotides from the nucleotide pool [22] . Within its prevalence in esophagus adenocarcinoma, the signature can be connected to conditions that lead to increased acid reflux, i.e. alcohol consumption and the patient's body mass index (based on data from The Cancer Genome Atlas; unpublished).
With help of mutational signatures, it can be determined how oxidative DNA damage-derived mutations distribute in the genome. Not surprisingly, the four signatures are not associated with a transcriptional strand bias [159] , a bias one would expect from mutagenesis mechanisms that are repaired through transcription-coupled repair. This is however different for the signatures' relation to the replication strand. Signature 18 and particularly Signature 17 are both associated with strand matching exposure and a positive slope for replication timing [22] , which means that the later a given position in the genome is replicated, the higher the mutation rate. In general, higher mutation rates in late replicating DNA can be explained through the increased activity of error prone polymerases [172] and increased incorporation of ribonucleotides [173] , which together leads to increased accumulation of mutations in heterochromatin in general [174, 175] , where late replicating DNA is typically located. Given the accumulation of oxidative DNA damage in heterochromatin, this bias in mutation rates for this mutagenic mechanism may also be explained through the underlying damage.
Differentiating the distinct levels of resolution ( Fig. 7) , accumulation of mutations from oxidative DNA damage in heterochromatin represents the distribution of mutations at chromatin domain resolution. At the resolution of genes and regulatory features, differences of mutation rates also reflect the patterns of oxidative DNA damage distribution [16, 17] with reduced mutation rates in high GC content, which includes many major functionally important elements, such as promoters, enhancers, coding sequence, and anchors of chromatin architecture [17] . These mutation patterns show a striking resemblance to the patterns derived from mismatch repair [112, 113] . At the same time, they reflect oxidative DNA damage distribution. Because polymerase proofreading and post-replicative mismatch repair would also be able to recognize 8-oxoG-adenine mismatches, it is not clear, how much each layer of regulation contributes to the final distribution of mutations. How much do the mechanisms described by Supek et al for mismatch repair shaping the somatic mutation rate across the human genome [114] also apply to mutations derived from oxidative DNA damage?
At a nucleosome scale, mutations from oxidative DNA damage reflect 8-oxoG levels, and accessibility seems to be the crucial determinant. Mutations derived from Signatures 17 and 18 in breast cancer [176] , and generally mutations in esophageal adenocarcinoma for example are enriched on the dyad of nucleosome positions [21] , which could be interpreted as lower repair levels of mutations from misincorporated 8-oxoG and genomic 8-oxoG on regions covered by nucleosomes. Within the nucleosomes, mutations are enriched at sites of the minor groove facing the histone with strong evidence that the reason can be found in base excision repair being more efficient, when the minor groove faces the outside of the nucleosome. Although less strongly, higher mutation rate of Signature 18-dependent mutations were also found enriched in DNA with the minor groove facing the nucleosome. As in vitro studies suggest increased 8-oxoG generation in DNA with the minor groove facing away from the nucleosome [177] , this distribution is likely due to the differences in base excision repair accessibility and efficiency [21] .
At the finest level, i.e. the immediate sequence content, mutations from oxidative DNA damage are associated with distinct trinucleotide patterns. While this profile could indicate relevance of immediate sequence content for selectivity of the damage and repair processes regarding the direct sequence context for Signature 17b, the depletion of mutations in DNA of high GC content may explain the distinct profiles for Signatures 18 and 36, as the sequence content of the related mutations indicates preference for preceding and following adenine or thymine, while 8-oxoG is biased of a guanine 3 0 of 8-oxoG [16] .
In summary, the available data on the distribution of mutations leaves many open questions. We do understand that oxidative DNA damage derived mutations distribute heterogeneously over the genome at several levels of resolution, and accessibility of DNA to base excision repair emerges as a main determinant of damage distribution on the nucleosome and chromatin domain levels. The precise mechanisms and their interaction that lead to the distribution at the level of genes and regulatory elements are largely still elusive. Mutations are generally following distributions similar to 8-oxoG, but it is largely unclear, how much of the damage distribution is due to the specificity in damage impact and how much of it is mediated by repair of the damage through BER. If repair is prioritizing, how is this regulated in the context of genome functionality and in different tissues? Also, en-route from the damage to the mutation, there are multiple layers that are not understood. What is the proportion of C-to-A mutations derived through mismatches as opposed to the application of the A-rule opposite an AP site? How much can be attributed through mismatches during replication as opposed to erroneous repair? This is of particular relevance for T-to-G mutations, where action of MUTYH on mis-incorporated 8-oxoG would induce mutations rather than reversing the damage. It can be expected that at each layer of resolution, a different combination of targeted mechanisms is contributing to the distribution, from the strong biases in regards to the preceding to following nucleotide, the helix orientation and secondary structures, distribution over gene elements, chromatin domains, euand hetero-chromatin/early and late replicating DNA.
Finally, targeted mechanisms that induce mutations via oxidative DNA damage may leave their mark in a region-specific manner, such as through the enzymatic function of LSD1.
Careful dissection of the mechanistic basis of mutation distribution does still require new developments in statistical methods, understanding of the underlying damage, as well as careful dissection of how all these processes act together, condition-and tissuespecifically.
This may open possibilities to advance the understanding of cancer evolution, the action of driver genes on mutation distribution, somatic mutagenesis, and even possibly manipulating the process.
Conclusions
The genomics of oxidative DNA damage, its repair and mutagenesis is a continuously growing field. This is made possible through biological method development to measure oxidative DNA damage genome-wide, development of data analysis methods, and methods to extract the genomic distribution of mutagenic mechanisms from mutation data. Each method and approach is characterized by unique benefits and pitfalls, so that comprehensive insight can only be established taking all such approaches together.
We have now achieved a descriptive understanding of the distribution of damage and mutation at several levels of resolution and in relation to some genome features and conditions. Mutation patterns are largely following the distribution of 8-oxoG at several layers of resolution. The distribution of the damage is to a large extent determined by accessibility of the DNA to base excision repair in combination with mechanisms of damage impact and most likely targeting of repair in the context of genome functionality.
We are however lacking detailed knowledge of the underlying mechanisms, the different relative contributions of the multiple levels of regulation and how these mechanisms act tissuespecifically. In addition, several mechanisms have been described for how oxidative DNA damage is also taking an active role in gene regulation and genome function. Such function has to be balanced with the risks of inducing genome instability and mutation. How does this balance affect diseases such as cancer and neurodegeneration?
Many DNA damage types may be caused simultaneously, e.g. strand breaks or pyrimidine dimers together with oxidative DNA damage. While we understand more about each separate DNA damage type and repair pathway, very little is known about the cross-talk of the repair pathways, especially when different damage occurs in close proximity, and the interaction with chromatin and genome function.
To understand these contexts, we need more specific mechanistic experiments, higher resolution and new statistical methods to address mutagenic mechanisms from mutation data. Tissuespecificity would be possible to address through even further resequencing of tumor samples and more healthy tissues to achieve the numbers needed to understand somatic mutagenesis, aided by single cell methods for oxidative DNA damage measurements and multi-omics data integration with functional genomics data. A better understanding of oxidative DNA damage distribution and improved methodology as well as new algorithms may also help to compensate for artifacts in genome sequencing data.
The genomics view on oxidative DNA damage, repair, and mutagenesis has opened an interdisciplinary field that combines chemical and biochemical expertise with genomics methods. It has revealed a large number of processes that regulate and balance how ROS damage the DNA region-specifically and how this is repaired in conjunction with gene expression regulation and emergence of mutations.
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